While the reproductive benefits of sexual displays have been widely studied, we have relatively limited evidence of the fitness costs associated with most display traits. Insect cuticular hydrocarbon (CHC) profiles are sexually selected traits that also protect against desiccation. These two functions are thought to oppose each other, with investment in particular compounds believed to increase attractiveness at the expense of compounds that protect against water loss. We investigated this potential trade-off in a quantitative genetic framework using the Australian field cricket, Teleogryllus oceanicus. Several compounds were significantly genetically correlated with either attractiveness or desiccation resistance. Of these compounds, one was negatively genetically correlated with attractiveness but positively genetically correlated with desiccation resistance. Furthermore, scoring each individual's overall CHC profile for its level of attractiveness and desiccation resistance indicated a negative genetic correlation between these multivariate phenotypes. Together, our results provide evidence for a genetic trade-off between sexually and naturally selected functions of the CHC profile. We suggest that the production of an attractive CHC profile may be costly for males, but highlight the need for further work to support this finding experimentally. Genetic covariation between the CHC profile and attractiveness suggests that females can gain attractive sons through female choice.
Introduction
Increased male mating success through the evolution of elaborate secondary sexual traits is thought to come at a cost of decreased viability [1] [2] [3] . For example, sexual signals can attract not only mates but predators and parasitoids [4] . While being more attractive or producing more exaggerated sexual traits can increase mating success, it can also reduce lifespan [5, 6] . Costs associated with sexual trait expression have important implications for the evolution of secondary sexual traits, providing a constraint to further elaboration [2] , a mechanism to link sexual displays to individual quality [7, 8] and an avenue for the maintenance of genetic variation [9, 10] . Despite the importance of costs to our understanding of the evolution of secondary sexual traits, we still have a limited knowledge of the costs associated with many well-studied sexual displays [11] .
The cuticular hydrocarbons (CHCs) of insects act as a sexual display in a number of species [12 -20] , but we have only a limited understanding of the viability costs (if any) of producing an attractive CHC profile. CHCs are long-chained compounds that both have a signalling function and provide a barrier to water loss across the cuticle [21] . Generally, a number of different compounds make up the CHC profile, and these compounds can vary in both their chain length and the presence or absence of methyl branches and double bonds [22] . Variation in the structure of CHC compounds is associated with variation in their physical properties, such that increasing chain length increases their melting temperature, which is decreased by double bonds and methyl branches [23] . Variation in the composition of insect CHC profiles, and consequently variation in melting temperatures, is thought to have important implications for both waterproofing and signalling functions. In particular, a CHC profile that displays a greater degree of melting at ecologically relevant temperatures should facilitate the detection of signalling compounds but have reduced waterproofing abilities. By contrast, a more solid CHC profile is likely to hinder the detection of these compounds but reduce water loss across the cuticle [24] [25] [26] . Using CHCs as a sexual display trait can therefore result in a viability cost, where investment in compounds that increase attractiveness decreases the waterproofing functionality of the CHC layer, and consequently the ability to withstand desiccation.
Despite the potential for the production of an attractive CHC profile to be costly in terms of desiccation resistance, little empirical evidence of such a trade-off exists. Most investigations of the association between CHCs and male mating success have found complex patterns of linear and nonlinear selection [27] , with the association between the level of attractiveness of a CHC blend and its waterproofing properties unclear. Experimental evolution using the fruit fly, Drosophila simulans, found that a principal axis of CHC variation favoured under high temperatures only evolved in the absence of sexual selection [28] . However, as the effect of this particular blend of CHCs on the waterproofing properties of D. simulans is unknown [28] , it is not possible to ascertain whether this evolutionary response reflects a trade-off between CHC attractiveness and desiccation resistance. Although the potential for trade-offs between attractive and protective CHC profiles certainly exists, increased investment in compounds with mid-range effects on the fluidity of the CHC layer could be favoured by both natural and sexual selection [29] . For example, a series of experiments found that one methylbranched compound had positive effects on both mating success and desiccation resistance in male D. serrata [30] . The general lack of evidence that producing an attractive CHC profile results in a viability cost through decreased desiccation resistance, along with the possibility that natural and sexual selection may favour investment in the same CHCs, necessitates further investigation of this topic.
Testing for negative genetic correlations is a useful approach for addressing the question of whether or not the production of an attractive CHC profile comes at a cost of reduced desiccation resistance [9] . For example, provided that the necessary genetic variance exists, if investment in a particular compound increases attractiveness at the expense of reduced desiccation resistance, we would expect to see a positive genetic correlation between that compound and attractiveness, and a negative genetic correlation with desiccation resistance. Similarly, if the blend of CHCs that maximizes mating success differs from the blend that maximizes desiccation resistance, then a negative genetic correlation between the production of the different blends can reveal the trade-off between them. There is evidence that investment in longer-chained CHC compounds is positively genetically correlated with desiccation resistance in D. melanogaster [31] , although whether this corresponds to a negative genetic correlation with attractiveness is not known. Similarly, the results from two artificial selection experiments indicate the existence of a genetic correlation between mating success and the blends of CHCs predicted to be attractive in male D. serrata, and these attractive blends of CHCs appear to be opposed by natural selection [32, 33] . However, whether the opposing natural selection arises through desiccation associated viability selection is unknown. Although there is evidence for genetic correlations between CHCs and attractiveness, and between CHCs and desiccation resistance, ascribing desiccation related costs to an attractive CHC profile requires both to be measured in the one study. We sought to investigate this question by testing for genetic correlations between the CHC profile, attractiveness and desiccation resistance using the Australian field cricket, Teleogryllus oceanicus.
CHCs have been found to play a significant role in influencing male mating success in T. oceanicus. Ablation of female chemoreceptors reduces the likelihood they will mount a courting male [34] , and a combination of linear and nonlinear selection exerted by female mate choice appears to be acting on male CHC profiles [15, 35] . CHCs are heritable in T. oceanicus [36] , and although the estimates are low, attractiveness is significantly repeatable [15] , indicating that this fitness component may also be heritable. Among isolated populations of T. oceanicus introduced to the Hawaiian Islands there have been independent evolutionary origins of males unable to produce song, favoured by selection from the acoustically orienting parasitoid fly Ormia ochracea [37] [38] [39] . These 'flatwing' males are no longer able to attract females using song, but they have an increased investment in relatively short-chained CHC compounds (C 31 versus C 33 and C 35 compounds), potentially as a method for increasing attractiveness in the absence of song [40] . A common-garden study found that males derived from islands with higher precipitation also produced a greater proportion of relatively short-chain compounds, suggesting a role for both sexual and natural selection in shaping variation in CHC profiles [40] . Collectively, these findings raise the hypothesis that greater investment in shorter-chained compounds increases attractiveness, but that this comes at a cost of reduced desiccation resistance in T. oceanicus.
We used the quantitative genetic animal model [41] [42] [43] [44] to test the hypothesis that greater investment in relatively shorter-chained CHCs will be positively genetically correlated with attractiveness, but that these positive genetic correlations will be mirrored by negative genetic correlations with desiccation resistance. The reverse relationship is expected to occur with increasing CHC chain length. Although intuitive, this hypothesis relies on a relatively simple relationship between CHC chain length and the fluidity/permeability of the CHC profile, and ignores how particular blends of CHCs may act together in influencing attractiveness and desiccation resistance. We therefore also use multivariate methods to generate univariate scores of attractiveness/desiccation resistance for each individual's CHC profile. If producing a more attractive CHC profile comes with a viability cost of reduced desiccation resistance, we would expect to see a negative genetic correlation between these scores.
Methods (a) Breeding design and cricket husbandry
A multi-generation pedigreed breeding design was formed by first mating 15 wild-caught male T. oceanicus crickets each to royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190677 three previously unmated females from an established laboratory stock population. To produce a second generation of crickets, female offspring from these families were then mated to the male offspring of 19 field-inseminated females that had been collected at the same location and time as the wild-caught males described above. Only one male offspring from each fieldinseminated female was used and each of these was mated to three females taken from across different families within the breeding design. Some females did not produce offspring due to either death or infertility, resulting in some males having offspring with less than three females. Both the laboratory stock population and wild-caught crickets were sourced near Carnarvon, Western Australia, with the laboratory population being supplemented annually with wild-caught crickets. The breeding design produced offspring from a total of 85 mothers and 34 fathers across two generations, resulting in full-sibling, half-sibling, maternal cousin and uncle -nephew relations.
After mating, each female was housed separately and allowed to oviposit in moist cotton wool. At least two replicate groups of offspring from each female were housed in 15 l plastic containers, given egg cartons for shelter and free access to food (cat chow) and water. Freshwater and additional food if required were given weekly. Male crickets were removed from these containers at the penultimate instar and placed individually in plastic containers (7 Â 7 Â 5 cm) with free access to food and water. Upon adult eclosion, the container was cleaned and each cricket was given 190 + 10 mg cat chow. Variation in resource acquisition [45, 46] and the availability of surplus resources [9] can both mask trade-offs between life-history traits. For example, a previous study using T. oceanicus revealed a trade-off between immunity and sperm viability when crickets were fed a restricted diet, but not when they were fed ad libitum [47] . Adult crickets were therefore provided a restricted diet to increase the likelihood that trade-offs would be revealed. A preliminary study had found that the average total cat chow consumed by an individual male cricket over 12 days was 356 mg (n ¼ 21, s.e. ¼ 24 mg). The diet we provided therefore represented 53% of the average consumption over this time period. Crickets were kept in a controlled temperature room on a 12 : 12 h light : dark cycle at 268C for 12 + 2 days before being assayed and/or freeze killed for later measurement.
(b) Attractiveness and desiccation resistance
To measure attractiveness, at 12 + 2 days post-eclosion, male offspring were placed in a clean container with a single stock female in a no-choice mating trial. Following commencement of the male courtship song, pairs were observed for 5 min and the time taken for a female to mount the male and receive a spermatophore was recorded. Those males that were not mounted by 2 min were assigned a status of unmated. Two minutes was selected because a preliminary survival analysis revealed that 50% of males were successfully mounted by the female two minutes after the commencement of courtship (males not mated within the 5 min of observation were assigned a census time of 5 min for the preliminary survival analysis). Measuring attractiveness (mated ¼ 1 versus unmated ¼ 0) as a binary trait was necessary to ensure that all individuals for which we assayed attractiveness could be incorporated in the quantitative genetic analyses, including those that were not mated within the observation period. Females used in the mating assay were between 7 and 9 days old. These females had been kept in female-only groups until the day before the mating trial, at which time they were housed individually with a single stock male for eight hours to ensure prior mating experience, as this has been shown to increase the level of female choosiness in another species of cricket [48] . All observations took place at 268C under red light to minimize disturbance of the crickets. Following the mate choice trial, male crickets were returned to their original container to be used in a desiccation assay the following day.
To measure desiccation resistance, each cricket was placed in a new container that held 30 g of desiccant (silica gel, SiO 2 ), separated from the cricket by a plastic barrier, and placed in an incubator set at 308C for 18 h. After this time crickets were checked every hour for a further 18 h and their time of death recorded. The majority (88.64%) of crickets died between 19 and 36 h. However, some crickets were found dead at the first check (6.58%) or still alive after 36 h (4.78%). As with our attractiveness data, it was, therefore, necessary to measure desiccation resistance as a binary trait to ensure that data from all individuals could be included in the quantitative genetic analyses, including those for which we did not observe their time of death. A survival analysis revealed that 50% of the crickets died within 28 h in the incubator (males still alive at the end of the observation period were assigned a census time of 36 h for this analysis). We therefore assigned those individuals still alive at 28 h desiccation resistant (1), with the remainder assigned as desiccation susceptible (0). Crickets were frozen immediately after death or at the end of the trial if they were still alive. Both assays (attractiveness and desiccation resistance) were conducted blind to an individual's pedigree links.
(c) Cuticular hydrocarbons
For CHC extraction, crickets were immersed for 5 min in 5 ml of hexane containing 0.02 g l 21 of n-dotriacontane as an internal standard. One microlitre of the sample was injected using the splitless mode into a Shimadzu QP2010 gas chromatographymass spectrometry (GC-MS) machine fitted with a Stabilwax column (30 m Â 250 mm Â 0.10 mm). The initial column temperature was set at 408C for 1 min and then increased at 208C per minute until reaching 2508C for 20 min. The compounds were visualized as peaks with the area under each peak representing the amount of the compound. Peaks were integrated using Shimadzu GCMSSOLUTION software (v. 4.41) and matched to compounds previously identified in this species. To control for variation in the amount of solution injected across samples, all peak areas were divided by the area of the internal standard. For this study, we restricted our analyses to the seven compounds of greatest abundance which collectively represent over 80% of the total CHC abundance.
We measured the CHC compounds of two sets of individuals. The first set comprised a haphazardly selected subsample of individuals from across the different families for which we also had both attractiveness and desiccation resistance data. To minimize variation in the CHC profile which may result from differences in the time between death and freezing, we only measured the CHCs of individuals whose time of death we observed (that is, we did not measure the CHCs of individuals that were found dead at the first check in the desiccation chamber, or that were still alive at the end of the trial). Measuring the CHCs of these individuals allowed us to derive an estimate of the blends of CHCs predicted to have the strongest association with attractiveness and desiccation resistance. To do so we used multiple regression [49] with either attractiveness or desiccation resistance as the response variable and the seven CHC compounds as explanatory variables. Peak areas were scaled to a mean of zero and a standard deviation of one prior to the regression, and the attractiveness/desiccation resistance measures were scaled by their mean [49] . Scaling fitness components by their means allows the returned model coefficients to be interpreted as selection gradients [49] , facilitating the comparison of our results with other studies examining multivariate selection on CHCs. We note that mean scaling has no effect on the estimated genetic correlations. We included the inverse of the relatedness matrix as a random effect in these models to
The second set of individuals comprised of crickets that had not undergone a mating or desiccation trial but were instead frozen at 12 days of age. CHCs are known to respond to changes in environmental and social conditions in several species [50, 51] including T. oceanicus [52 -54] . Using individuals that had not been exposed to a female or the desiccating environment allowed us to exclude potential effects of these factors on the CHC profile in our tests for genetic correlations. We therefore used the individual CHC compound data from this set of crickets in our quantitative genetic analyses. We also scored these individuals for their predicted CHC profile attractiveness (Att-CHCb) and desiccation resistance (Des-CHCb) by applying the partial regression coefficients derived from the first set of individuals to the scaled CHC data of this second set of crickets [55 -57] . This provided a univariate measure of an individual's multivariate CHC profile attractiveness and desiccation resistance to be used in the quantitative genetic analyses.
(d) Quantitative genetic analyses
As a preliminary analysis, we first fit univariate 'animal' models in a REML framework incorporating information from the pedigree to estimate the additive genetic variance for each trait [43] . Full results of these models are presented in electronic supplementary material, table S1. Significant additive genetic variance (V A ) was found for all traits. Estimates of h 2 can be inflated by non-modelled maternal effects [58] ; however, we found no evidence for significant maternal effects for any trait in this study (electronic supplementary material, table S1). We therefore chose not to include maternal identity as an additional random effect in any of the following models.
It is possible that the two sets of conditions experienced by the crickets for which we measured CHCs resulted in differences in CHC expression. Recall that the partial regression coefficients were derived from individuals that had been assayed for attractiveness and desiccation resistance, and then used to estimate the CHCb traits of individuals that had not been exposed to either a female or desiccating environment. Changes to the CHC profile induced by these environmental differences could be a source of error in our estimates of the CHCb traits. To investigate this, we employed a character state genotype by environment (G Â E) approach by treating each CHC compound measured in the two environments as separate traits, and testing for genetic correlations between them [59] . We tested the significance of each genetic correlation (r G ) by comparing the unconstrained bivariate animal model to one where the r G was constrained to zero using log-likelihood ratio tests (LLRT) with 1 d.f. Tests for significant G Â E were conducted in a similar manner but constraining the r G to approximately 1 (0.99). The results of these tests are presented in electronic supplementary material, table S2. Each compound was significantly genetically correlated across the two environments and there was no statistical support for a G Â E for any compound. An additional source of potential error in the CHCb traits is the error associated with each estimated partial regression coefficient used in their calculation. However, a portion of the error associated with each partial regression coefficient will be caused by correlations among the CHC compounds, and this portion of the error will 'cancel out' when scoring individuals for the CHCb traits [60] . Nevertheless, to investigate how well the CHCb traits predicted an individual's CHC profile attractiveness or desiccation resistance, we tested for genetic correlations between each CHCb trait and their respective fitness component in a multivariate model that included all four traits (both CHCb traits, attractiveness and desiccation resistance-see below). Both genetic correlations were positive and statistically significant (table 2) . This result, coupled with the absence of significant G Â E interactions for any compound, indicates that the CHCb traits do at least partly reflect the multivariate attractiveness and desiccation resistance of the CHC profiles used in the quantitative genetic analyses. We return to this topic in the Discussion.
We tested for a trade-off between the attractiveness and desiccation resistance of T. oceanicus CHC profiles in two ways. First, we tested for a trade-off between the desiccation resistance and attractiveness functions of T. oceanicus CHC profiles by estimating the genetic correlation between Att-CHCb, Des-CHCb, attractiveness and desiccation resistance in a multivariate animal model. Testing for a negative genetic correlation between Att-CHCb and Des-CHCb allowed us to assess whether producing the blend of CHCs predicted to maximize attractiveness trades off genetically with the production of a more desiccant resistant CHC profile. Similarly, if investment in the blend of compounds predicted to increase attractiveness (Att-CHCb) reduces overall desiccation resistance, we predict a negative genetic correlation between these two traits. Finally, we used this multivariate model to estimate the genetic correlation between our measures of attractiveness and desiccation resistance to test whether overall attractiveness trades off with overall desiccation resistance. We used LLRTs with 1 d.f. to test the significance of each genetic correlation by comparing the unconstrained model to one where the genetic correlation under test was constrained to zero.
We next used bivariate animal models to estimate the genetic correlations between each CHC compound and the measures of attractiveness and desiccation resistance. These models allowed as to explicitly test the hypothesis that investment in particular compounds, such as those with shorter chain lengths, increase attractiveness at the expense of decreased desiccation resistance, providing a complementary analysis to the multivariate model described above. Where greater investment in a compound simultaneously increases attractiveness and decreases desiccation resistance, we would expect to see a positive genetic correlation between the compound and attractiveness, and a negative genetic correlation between the compound and desiccation resistance.
All analyses were performed in R [61] using ASReml-R for fitting the multiple regression and quantitative genetic analyses [62] , OIsurv for the survival analyses [63] , ggplot2 for plotting [64] and the boot package for bootstrapping [65] . We note that inference based on penalised quasi-likelihood when fitting generalized linear mixed models in ASReml-R may not provide accurate results [62] . We therefore treated our binary measures of attractiveness and desiccation resistance as Gaussian traits in all animal model analyses, as this method should provide [66] [67] [68] . To examine the validity of this approach, we conducted additional analyses where we estimated the genetic correlations between our two fitness measures and each of the CHC traits using weighted regressions of sire family means. Although this method will likely underestimate the magnitude of the genetic correlation, it should provide an unbiased indication of its sign (see [69] for further details and for a comparison with the animal model). As this analysis occurs at the level of sire family means, binary traits at an individual level can satisfy the requirements for fitting a linear model. In our case, an inspection of model diagnostic plots indicated all regressions using sire family means returned normally distributed model residuals. Bootstrapping at the sire family level was used for standard error estimation and inference in this instance.
Results
We obtained attractiveness data from 736 offspring (mean + s.e. offspring per full-sibling family ¼ 8.66 + 0.39), and desiccation resistance data from 669 offspring (mean + s.e. offspring per full-sibling family ¼ 7.87 + 0.36). The lower number for desiccation resistance was a result of space constraints in the desiccating incubator. We measured the CHCs of 252 offspring that had been measured for both attractiveness and desiccation resistance (mean + s.e. offspring per full-sibling family ¼ 2.96 + 0.10). Finally, we measured the CHCs of 256 offspring that had not been assayed for attractiveness or desiccation resistance (mean + s.e. offspring per full-sibling family ¼ 3.01 + 0.08). Table 2 presents the genetic correlations from the multivariate animal model that included attractiveness, desiccation resistance, Att-CHCb and Des-CHCb. As mentioned above, both CHCb traits were significantly positively genetically correlated with their respective fitness measure (table 2) . Furthermore, Des-CHCb was negatively genetically correlated with attractiveness (table 2) . Examining the vector of partial regression coefficients used to calculate Des-CHCb (table 1) revealed that this relationship was largely driven by a contrast in the two alkenes (C 33:1 and C 31:1 ). That is, producing a CHC blend that comprised greater investment in C 33:1 and reduced investment in C 31:1 was associated with increased desiccation resistance and reduced attractiveness. However, investing in the blend of compounds predicted to maximize attractiveness (Att-CHCb) was not negatively genetically correlated with overall desiccation resistance (table 2). Inspecting the vector of partial regression coefficients used to calculate Att-CHCb (table 1) revealed that the compound with the strongest association with desiccation resistance (C 33:1 ) had the least influence on an individual's Att-CHCb score, potentially explaining the lack of association between this trait and desiccation resistance.
There was a negative genetic correlation between the predicted attractiveness of the CHC profile (Att-CHCb) and its predicted ability to withstand desiccation (table 2). The family means for the two CHCb traits are plotted in figure 1 to visualize the negative genetic correlation between these traits. Despite the presence of a trade-off in the CHC profile, there was no evidence to suggest that overall attractiveness trades off directly with desiccation resistance (table 2) . Table 3 presents the results of tests for genetic correlations (r G ) between the CHC compounds and attractiveness and desiccation resistance. The model estimating the genetic correlation between one CHC compound (4-MeC 33 ) with attractiveness did not converge. We therefore used a weighted regression of sire family means to estimate this particular genetic correlation. Three of the relatively longerchained CHC compounds were significantly negatively genetically correlated with attractiveness. Two of the longer-chained compounds were significantly positively genetically correlated with desiccation resistance. Of these compounds, one alkene (C 33:1 ) was negatively genetically correlated with attractiveness but positively genetically correlated with desiccation resistance.
As expected, using a weighted regression of sire family means gave lower estimates of genetic correlations (electronic supplementary material, tables S3 and S4) compared to those returned by the animal models (tables 2 and 3). With the exception of the genetic correlation between C 33:1 and desiccation resistance, all genetic correlations that were found to be statistically significant using the animal model (tables 2 and 3) were also found to be statistically significant royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190677 using a weighted regression of family means (electronic supplementary material, tables S3 and S4).
Discussion
We tested whether producing an attractive CHC profile results in a viability cost of increased susceptibility to desiccation for male Australian field crickets, T. oceanicus. Consistent with longer-chained CHCs reducing the fluidity of the CHC profile and its detectability by female chemoreceptors, the genetic correlation between investment in three relatively longer-chained compounds and attractiveness was negative. Similarly, consistent with longer-chained CHCs reducing water loss across the cuticle, two of the relatively longerchained CHCs were positively genetically correlated with desiccation resistance. One CHC compound displayed evidence for an evolutionarily significant trade-off between the attractiveness and desiccation resistant functions of CHC compounds, with the genetic correlations between this compound and the two fitness traits being of opposite sign. Further evidence for a trade-off was revealed by modelling each individual's multivariate CHC profile. Using these predictive scores revealed that producing the CHC profile that maximized attractiveness was negatively genetically correlated with producing the CHC profile that maximized desiccation resistance. Despite evidence of a trade-off between the attractiveness and desiccation resistance functions of the CHC profile, we found no evidence for a trade-off between overall attractiveness and desiccation resistance, with the genetic correlation between these traits weakly positive and not significantly different from zero. The CHC profile of crickets is only one of multiple traits likely to influence attractiveness and desiccation resistance. For example, variation in male courtship song is also under strong selection from female choice [35] . It is, therefore, possible that variation in unmeasured traits could have contributed to a positive covariation between attractiveness and desiccation resistance. Our results indicate that producing a desiccation resistant CHC profile reduces an individual's attractiveness, but that this negative effect could be overwhelmed by the positive effects of other traits. We suggest that further investigations that include additional life-history traits will be useful to gain a more comprehensive understanding of the association between attractiveness and desiccation resistance.
Water loss across the cuticle has been found to be an important contributor to total water loss in at least some insects, and CHCs provide an important barrier to water loss [21] . However, the phenotypic (represented by the partial regression coefficients), and to some extent the genetic, associations between desiccation resistance and the CHC profile were generally smaller than those between the CHC profile and attractiveness. There are a number of potential explanations for this result. Although desiccation resistance is a direct viability cost that affects fitness [11] , CHCs affect this fitness component only indirectly through a reduction in cuticular water loss. Other factors might also affect an individual's ability to withstand desiccation. For example, traits such as the degree of melanisation can influence cuticular water loss [70, 71] , and increased resistance to desiccation in flies artificially selected for desiccation resistance is associated with an increase in carbohydrate as well as water content [72 -74] . Variation in the CHC profile may therefore have a large effect on rates of cuticular water loss in T. oceanicus, but the effect on overall desiccation resistance could be obscured to some degree by other traits. Other studies have failed to find the predicted association between the rate of cuticular water loss and the physical properties of the CHC profile [25, 75] . Gibbs [24] suggested that these findings may reflect localized variation in CHCs across the insect cuticle, which will be obscured when the body-wide CHC profile is examined. Such regional variation has been found in other insects [76, 77] , and if it occurs in T. oceanicus, our measure of the body-wide CHC profile may have prevented the detection of some variation relevant to desiccation resistance. Finally, our measure of desiccation resistance ( probability of surviving) is likely to underestimate the costs of desiccation imposed from an attractive CHC profile. For example, crickets that produced an attractive CHC profile could have suffered non-lethal physiological costs of water loss in the desiccating environment, such as the ability to produce ejaculates or to transport oxygen or nutrients through the haemocoel. All, some or none of the above-mentioned factors could explain the weaker association between desiccation resistance and variation in the CHC profile than was initially 33 and attractiveness was estimated using a regression of sire family means with bootstrapping at the family level for standard error estimation and inference.
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190677 hypothesized. We suggest that these possibilities provide exciting avenues for future research, particularly in the context of the interaction between natural and sexual selection.
Our finding of a negative genetic correlation between producing a CHC profile predicted to be attractive and one that is predicted to protect against desiccation should be interpreted with some caution. Multiple regression is a statistical technique that allows for the estimation of the effect of a trait on fitness, independent of the effects of the other traits included in the analysis [49] . An advantage of this form of analysis is the avoidance of assigning an impact of a trait on fitness when this is simply due to its correlation with other traits that have a fitness effect. The disadvantage of multiple regression is that the estimated associations with fitness may be moderated by the effect of traits not included in the analysis [49, 78] . As our predictive models of CHC attractiveness/desiccation resistance were based on multiple regression analyses, it is possible that our finding of a negative genetic correlation between producing a CHC profile that was predicted to be attractive versus one predicted to be desiccation resistant was influenced by the effect of traits not included in the analysis. Nevertheless, results from multiple regression analyses have proven fruitful in CHC research. For example, two artificial selection experiments that selected upon the vector of male CHC attractiveness using D. serrata found an evolutionary increase in male attractiveness [32, 33] . Similar studies will be required using T. oceanicus to provide further support for our finding of a trade-off between the blend of CHCs that make a male attractive and the blend that make him desiccation resistant. We emphasize that while the evidence we provide is supportive of a cost for producing an attractive CHC profile, it necessarily demands further experimental work.
The primary role of CHCs has been viewed as one of protecting the insect against desiccation, with signalling functions a subsequent evolutionary innovation [22] . Even if waterproofing is the primary function of CHCs, this is unlikely to explain the complex composition of insect CHC profiles, which under a purely waterproofing scenario could simply comprise of long straight-chained alkanes [79] . The results we present support the idea of the signalling function of CHCs being an important driver in shaping the complexity of the T. oceanicus CHC profile, with variation in the CHC profile strongly associated with variation in attractiveness. In particular, we found genetic correlations between male CHCs and attractiveness, indicating that females can use an assessment of the male CHC profile to gain attractive sons, which can have a strong effect on the evolution of sexual display traits [2] . Overall, our results suggest that producing an attractive CHC profile trades off with producing a CHC profile best suited to desiccation resistance. Our understanding of the viability costs of producing an attractive CHC profile is in its infancy, and we believe this topic provides an interesting area for future research. https://doi.org/10.5061/dryad.r2j05j8 [80] .
